Despite the contribution of a few major genes for disproportionate dwarfism in humans, many dwarf patients are yet genetically undiagnosed. In domestic cats, disproportionate dwarfism has led to the development of a defined breed, the Munchkin or Minuet. This study examined the genetic aspects of feline dwarfism to consider cats as a new biomedical model. DNA from dwarf cats was genetically analyzed using parentage, linkage, and genome-wide association studies as well as whole genome sequencing.
Introduction
Dwarfism is a genetic and or endocrine abnormality causing an animal to be less than normal size and lacking the capacity for normal growth. In humans, any person less than 147 cm for adult height is considered a dwarf 1 . Two general categories of dwarfism are defined, disproportionate and proportionate dwarfism. Disproportionate dwarfs possess shortened limbs with a normal trunk while proportionate dwarfs are uniformly small 2,3 .
Disproportionate dwarfs result from genetic disorders involving bone and or cartilage, while the majority of instances of proportionate dwarfism result from hormonal abnormalities 4,5 .
In humans, over 200 different forms of dwarfism are defined and approximately 1 in 20,000 newborn infants display congenitally shortened limbs, i.e. disproportionate dwarfism. DNA variants in one gene, fibroblast growth factor receptor 3 (FGFR3), account for a majority of human disproportionate dwarfism with hypochondrodysplasia (HCH) (OMIM #146000) or achondroplasia (OMIM #100800) constituting the majority of diagnosed cases. The FGFR3 G1138M variant accounts for 99% of all ACH 6-8 while an estimated 70% of HCHs result from variants in FGFR3 (see reviews 9,10 ). However, many forms of disproportionate human dwarfism are still undefined.
Feline disproportionate dwarfism (OMIA 000299-9685) has only briefly been mentioned in the scientific literature and has not been clinically characterized 11 . Breeds of cat have developed from disproportionate dwarf cats, termed Munchkins, Napoleons or Minuets (Fig. 1) 12 . The cats are at least mesomelic, with shortened forelimbs and hind limbs, implying the humerus, the radius and ulna and the femur, the tibia and fibula have deficient growth. Pre-mature ossification of epiphyseal plate cartilage is unknown. As reported by breeders, the cats have no indication of gender bias in the deformity and no indication of homozygotes. The feline phenotype lacks the frontal bossing and other maladies associated with achondroplasia 13 , although the clinical features of the dwarf cats have not been extensively defined. An autosomal dominant mode of inheritance has been suggested. Thus, feline dwarfism closely parallels the human HCH phenotype, although the genetic cause of feline dwarfism is undetermined. The cat may be an important biomedical model for human chondrodystrophic disorders and potentially osteoarthrosis and degenerative joint disease.
To genetically define the disproportionate dwarfism in the domestic cats and implicate candidate genes for this biomedical model, genetic studies were conducted in dwarf cats.
Linkage analyses and genome-wide association localized the dwarfism phenotype to a region on cat chromosome B1, which has homology to human chromosome 4 but exclusive of the region of FGFR3, supporting the plausibility of cat disproportionate dwarfism as a novel biomedical model to help identify the approximately 30% of HCH human cases that do not yet have gene associated mutations.
Materials and Methods

DNA analyses -pedigree and DNA extraction
Buccal swabs or EDTA anti-coagulated whole blood samples from cats were solicited from owners of dwarf cats for DNA isolation over a period of twenty years. The familial relationships and dwarfism phenotypes were reported by the owners and breeders. DNA was isolated using the Qiagen DNAeasy kit according to the manufacturers protocol (Qiagen, Inc. Hilden, Germany) or standard organic extraction. All sample collections were conducted in accordance with an approved University of California, Davis Institutional Animal Care and Use protocols 11977, 15117, and 16691 and University of Missouri protocols 7808 and 8292.
DNA Analyses -Short Tandem Repeat (STR) Analysis
To develop a pedigree, parentage of the cats were verified with a panel of felinederived short tandem repeats (STRs) as previously described 14 . STR fragment sizes were determined using STRand analysis software 15 .
DNA Analyses -Linkage Analysis
Two-point linkage between the STRs and the dwarfism phenotype was conducted as previously described 16 using the LINKAGE and FASTLINK software programs [17] [18] [19] . Loops in the pedigree were broken by duplication of individuals. The dwarfism phenotype was coded as a fully penetrant autosomal dominant trait with non-variable expression. All matings were between a dwarf and a non-dwarf cat. No homozygous cats were predicted by the breedings nor have been reported by breeders, thus dwarf cats were assumed to be heterozygous. STR positions were determined by aligning the unique sequence flanking of the repeats to cat reference genome Felis_Catus_9.0 (GCF_000181335.3/).
DNA Analyses -Genome-wide association
The initial dataset for the SNP array genome-wide analysis comprised 95 cats, including 26 affected dwarf cases that were unrelated to the third generation from provided pedigree information, 11 related non-dwarf cats, and cats from the closely related breeds, Scottish fold (n = 34), British shorthair (n = 14) and Selkirk rex (n = 10) for controls 20 . Approximately 600 ng of genomic DNA was submitted to Neogene, Inc (Lincoln, NE, USA) for genotyping on the Illumina Infinium Feline 63K iSelect DNA array (Illumina, Inc., San Diego, CA). Genotyping and analysis was performed as previously described 21 . SNP genotyping rate and minor allele frequency was evaluated using PLINK 22 . SNPs with a MAF < 5%, genotyping rate < 90%, and individuals genotyped for < 90% of SNPs were excluded from downstream analyses. Inflation of p-values was evaluated by calculating the genomic inflation factor (λ). The P for each individual, an identity by descent analysis, and multidimensional scaling (MDS) was calculated using PLINK to evaluate population substructure within cases and controls (data not shown).
To reduce λ, cats not tightly clustered and/or highly related with a P > 0.4 were removed from downstream analyses. Selection for each case to the closest control using the values from the MDS dimensions was attempted.
Whole genome sequencing
Three unrelated dwarf cats were submitted for whole genome sequencing as part of the 99 Lives Cat Genome Sequencing Consortium as previously described [23] [24] [25] [26] (BioProject PRJNA308208, PRJNA288177; BioSamples: SAMN05980349, SAMN05980348, SAMN05980352). Reads were mapped to Felis_catus_9.0 (GCF_000181335.3/) and assigned to read groups using BWA-MEM from Burrows-Wheeler Aligner version 0.7.17 27 . Duplicate reads were marked using MarkDuplicates from Picard tools version 2.1.1 (http://broadinstitute.github.io/picard/), with OPTICAL_DUPLICATE_PIXEL_DISTANCE set at 2500. Genome Analysis Toolkit version 3.8 (GATK 3.8) were used to further process the sequence data 28 . Indel realignment was performed with RealignerTargetCreator and IndelRealigner 29 and SNPs, and Indels were called using HaplotypeCaller in gVCF mode (-ERC GVCF) 30 . The gVCFs were combined into groups of ~20 individuals using CombineGVCFs and were genotyped simultaneously using GenotypeGVCFs. Throughout, Samtools version 1.7 sort, index, view, and cat functions were used to process BAM files between individual tasks 31 .
Together these processes produced a single VCF comprised of 195 cats for downstream analysis. DNA variants were viewed, filtered and annotated using VarSeq (Golden Helix, Boseman, MT) with the Ensembl Release 94 Felis_catus_9.0 genome annotation 32 . For variant prioritization, candidate variants were required to be within the region implicated by the GWAS (chr B1 170 -187 Mb), heterozygous in all three dwarf cats, and absent in 71 normal cats also in the 99 Lives dataset (PRJNA308208).
Results
Pedigree Analysis
The dwarfism phenotype in the affected Munchkin cats is unique and distinct, with only mild variations in presentation, therefore diagnosis of affected kittens is not confounded by other congenital birth defects in cats (Fig 1) . A six-generation, 83-member pedigree (65 informative meioses) was created based upon owner supplied pedigrees, parentage analyses and phenotypes (Fig. 2) . The parentage analysis confirmed reported relationships of the cats (data not shown). Sires and dams bred into the pedigree were, in general, of random bred stock and were not related. All matings and all dwarf offspring in the pedigree had at least one dwarf parent. Complete litter data was available for nine matings, one was a breeding of two dwarf cats that produced six kittens, including one dwarf male kitten, three normal male kittens and two normal female kittens. Eight matings had one dwarf parent, producing eight of 19 dwarf male kittens and seven of 17 dwarf female kittens. Matings that had complete litter information showed no sex bias with 39% of males and 37% of females displaying the dwarf phenotype. No litter produced all dwarf kittens, thus the dwarf parents are expected to be heterozygous. A heterozygous affected by normal mating would predict 50% affected offspring, 42% of progeny displayed the dwarf phenotype in the pedigree. For the 10 matings with both parents having dwarfism, none of the Munchkin offspring (n = 6) are homozygous for the STR in complete linkage with the dwarf phenotype. Also, normal sized cats were produced from these matings, further excluding a recessive mode of inheritance.
Linkage analysis
One STR genotyped to confirm parentage, FCA149, indicated significant linkage (Z = 5.43. θ = 0.05) to the dwarfism phenotype and is located on feline chromosome B1 33 .
Additional publicly available regional STRs (n = 8) 34-36 were genotyped to refine the linkage region (Table 1) . Marker FCA827 was completely linked to the dwarfism phenotype, Z = 15.05, θ = 0.00, which is positioned at B1:174,566,680 -174,566,701.
Recombinants were detected with flanking markers FCA149 and FCA152, defining a minimal critical region from B1:167,386,513 -179,961,345, a 12 Mb as based on STR positions on the cat genome assembly.
Genome-wide association
A genome-wide case-control study was conducted on 26 cases and 50 controls. All samples passed genotype rate (MIND > 0.2) and 49,424 SNPs were analyzed after missingness (GENO > 0.2) and the frequency test (MAF < 0.05). The genomic inflation (ʎ) was 2.95, suggesting inflation is due to the population substructure as suggested by the MDS (Fig. 4) . The highest significant association was identified on cat chromosome B1 at position 179,190,128 (Fig. 3) . The P-values and positions of the 36 most associated SNPs are presented in Additional variants in canine homologs for Cartilage specific integrin alpha 10 (ITGA10) 40 , collagen alpha-2(XI) chain (COL11A1) 41 , and two collagen type IX genes (COL9A2 and COL9A3) 42 genes were annotated within the critical region for feline dwarfism. Unfortunately, no coding or splice variants were identified within these genes in the region. One gene, replication factor C, subunit 1 (RFC1) has a pathway associated with Hutchinson-Gilford Progeria Syndrome (OMIM: 176670), which is a rare disorder characterized by short stature, low body weight, early loss of hair, lipodystrophy, scleroderma, decreased joint mobility, osteolysis, and facial features that resemble aged persons 43 . As for all WGSbased approaches, the analyses were limited by annotation, correct genome assembly, and the ability to identify more complex variants, such as structural variants and variants that influence gene regulation. Therefore, structural or regulatory variants should be examined within these regions to further implicate one of the regional candidate genes or unannotated transcripts.
Surveillance for animal welfare concerns resulting from pedigree animal breeding practices has increased since the BBC documentary Pedigree Dogs Exposed (2008) 44 .
Although cats do not have the same extreme conformational ranges as dogs, heightened scrutiny of breeding practices has extended to cats. Orthopedic diseases are commonly associated with dog breed conformation, but far less so with domestic cat breeds 45, 46 . Hip dysplasia is a concern of the Maine Coon breed 47 , osteochrondrodysplasia is an inherent condition of the Scottish Fold breed, and osteoarthritis, particularly of the elbow, is now recognized as a common condition of aged cats 48, 49 . The Scottish Fold, which has varying degrees of osteochondrodysplasia, has been banned from several cat registries. The Manx, which can suffer from various conditions resulting from sacral and caudal vertebral agenesis, has heightened the concern for acceptance of other cat breeds with tail abnormalities. Thus, welfare concerns have encircled the acceptance of chondrodysplastic cats as a recognized breed.
Controversy regarding the immediate and long-term health of the chondrodysplastic cats focuses on the potential for impaired ambulation, secondary osteoarthritis 50 and intervertebral disc disease 51, 52 , which is common to many chondrodysplastic dog breeds.
Biapical deformities are common in dogs with limb deformities, particularly chondrodystrophic dogs 53 . Fibroblast growth factor 4 (fgf4) is strongly associated with autosomal recessive chondrodysplasia in at least 19 dog breeds including dachshund, corgi, and basset hound 39 . The FGF4 variant has also been shown to be the leading cause for intervertebral disc degeneration in the chondrodysplastic dogs 54 , thus, since the cats do not have this variant, disc disease is a less likely concern. However, poor breeding practices, such as striving for the shortest legs or longest body, could lead to similar health concerns in the cats to those that plague the dwarf dog breeds 55 .
Although many chondrodysplastic dog breeds have the 
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